1. Body size is often an important character in mating success, but has been only infrequently mentioned in regard to colour polymorphism. In this study, mating success was investigated in a colour polymorphic Ladybird Beetle, Harmonia axyridis, with reference both to colour morph and to body size. 2. In the non-melanic males the mating individuals were significantly larger than solitary individuals, while in melanic males there was no significant difference. 3. The mating pattern was close to random mating with respect to colour morph and there was no significant deviation. 4. The results suggest both body size and colour morph affect the male mating success and males of different body size obtain mating advantage according to the colour morph. Colour polymorphism in this species is controlled by alleles on a single locus. Thus, the alleles on that locus significantly influence the effect of selection on the quantitative character.
Introduction
Colour polymorphism in coccinellid beetles has attracted the attention of researchers regarding the maintenance of equilibrium polymorphism (Dobzhansky 1933; Komai 1956 ). In Adalia bipunctata Linnaeus, widespread in Europe, extensive research has been focused on postwinter copulation, and evidence has been obtained that the polymorphism is influenced by non-random mating involving a larger contribution by melanic phenotypes to the mating group (Muggleton 1979; Majerus, O'Donald & Wier 1982; Brakefield 1984c; O'Donald et al. 1984) .
A factor that seems of major importance is the more efficient absorption of solar energy by melanics, probably leading to relatively greater activity (Benham, Lonsdale & Muggleton 1974; Creed 1975; Muggleton, Lonsdale & Benham 1975; Brakefield 1984a,b; Brakefield & Willmer 1985; Steward & Dixon 1989) . On the other hand, the mate choice for melanic morphs is also supposed to cause non-random mating (O'Donald & Muggleton 1979; Majerus et al. 1982; O'Donald et al. 1984) .
For the present species, Harmonia axyridis Pallas, Komai (1956) reported a geographical cline in morph frequencies and suggested the presence of climatic factors affecting colour polymorphism. Recently, Osawa & Nishida (1992) revealed nonrandom mating in a natural population and female mating preference for non-melanic males.
While most of the previous studies have focused on the comparison of the colour morph frequencies of mating individuals with those of solitary individuals (Creed 1975; Muggleton 1979; Majerus et al. 1982; Brakefield 1984c; O'Donald et al. 1984) , factors other than the colour morph were relatively disregarded. Body size is an important character affecting mating success (Osawa & Nishida 1992 ), but has not been mentioned in regard to colour polymorphism. Because thermal absorption rate depends not only on the colour morph but also on the body size of the individuals (Brakefield & Willmer 1985; Stewart & Dixon 1989) , if the thermal factor is involved in mating success, selection on body size may be affected by the difference in thermal absorption. The present study focused on the mating pattern with reference to body size as well as to colour morph and therefore estimated selection on both quantitative and qualitative characters. The particular aspects are (1) whether body size is associated with mating success and, if so, how, and (2) whether non-random mating is observed, thus whether there is mating advantage with respect to colour morph.
Materials and methods
A study area was chosen in the campus of Gifu University, near Gifu City, central Japan. Beetles overwinter at the adult stage and copulate in early Functional Ecology 1998 12, [757] [758] [759] [760] [761] May of the next spring in the studied population. Reproduction occurs near the place of copulation. Most of the beetles prey upon aphids on the plants Vicia sativa and Pittosporum tobira. First generation offspring emerge and emigrate before copulation unlike those of the Kyoto population where Osawa & Nishida (1992) reported copulation before emigration.
Adult beetles of the overwintered generation were collected in May 1992 and 1993, regardless of their mating status. Beetles were measured for body length under the microscope to 0·01 mm. Differences in body size between mating and solitary individuals were scored as standardized selection differentials by the regression, assigning 1 for mating and 0 for solitary individuals (Lande & Arnold 1983) . Because the binary distribution of mating status values does not allow parametric testing, Spearman's rank correlation was used for the test of statistical significance.
The relationships between mating success and body size were further visualized by the cubic spline method (Schluter 1988) . Fitness functions with standard errors (based on 1000 bootstraps) were estimated using a FORTRAN 77 computer routine provided by D. Schluter (GLMS, ver. 3).
For testing the deviation from random mating, Manly's mating preference coefficient (β) was calculated as follows:
where a i and b j are numbers of non-mating adults of colour types i and j, respectively; and d ij is the number of mating pairs of i type male and j type female (Manly 1985) .
Results
Totals of 590 and 914 beetles were collected and, of them, 105 and 155 pairs mated in 1992 and 1993, respectively. Table 1 shows measurements of body length for mating and solitary individuals for each sex. Body size measurement was transformed to natural logarithms prior to analysis. ANOVA, where sex, morph, year and mating status were set as independent variables, indicated that the main effect of sex and the interactions of sex × mating status, morph × mating status and sex × morph × mating status were significant (Table 2) . Females were larger than males in this species (Tables 1 and 2 ). When two sexes were separately analysed with morph, year and mating status as independent variables, in males ANOVA detected significant effects of mating status (F = 13·976, df = 1, 687, P < 0·001) and morph × mating status interaction (F = 18·295, df = 1, 687, P < 0·001), while no significant effect was detected in any variables in females. Variance of body length of mating males in 1992 was significantly smaller than that of solitary males (F = 1·399, df = 180, 104, P = 0·030; one tailed test for stabilizing direction). In the other cases, although mating individuals indicated smaller variances, the differences were not statistically significant (males in 1993: F = 1·129, df = 253, 154, P = 0·206; females in 1992: F = 1·158, df = 189, 104, P = 0·204; females in 1993: F = 1·041, df = 349, 154, P = 0·393).
Two further ANOVAs indicated that in the nonmelanic males, the mating individuals were significantly larger than solitary individuals (F = 20·313, df = 1, 102, P < 0·001), while in melanic males there was no significant difference between mating and solitary individuals (F = 0·460, df = 1, 585, P = 0·498). Smaller variances of body length were suggested for mating individuals in all cases. However, any differences were not statistically significant (non-melanic males in 1992: F = 2·042, df = 35, 18, P = 0·054; in 1993: F = 1·061, df = 31, 18, P = 0·459; melanic males in 1992: F = 1·318, df = 144, 85, P = 0·082; in 1993: F = 1·116, df = 221, 135, P = 0·244).
The differences in male mating success are summarized in the terms of the standardized coefficients of the regression in Table 3 . For non-melanic males, directional selection differentials were about half of one unit of standard deviation of body size close to the random mating expectation (β = 0·250) both in 1992 and 1993, and there were no significant deviations from random mating. Frequencies of melanic and non-melanic morphs among mating individuals were not significantly different from those of solitary individuals either in 1992 (for males: G = 0·14, df = 1, P = 0·710; for females G = 0·47, df = 1, P = 0·491) or in 1993 (for males: G = 0·010, df = 1, P = 0·919; for females: G = 0·99, df = 1, P = 0·319). No significance was detected when males and females were pooled (in 1992: G = 0·41, df = 1, P = 0·522; in 1993: G = 0·52, df = 1, P = 0·472).
Discussion
Body size is often an important character in mating success in insects (Thornhill & Alcock 1983), but has been only infrequently mentioned in regard to colour polymorphism. In the studies on colour polymorphic coccinellids, attention has been drawn to the difference in relative mating frequencies among colour morphs (Creed 1975; Muggleton 1979; Majerus et al. 1982; Brakefield 1984c; O'Donald et al. 1984) . For the present species, larger male advantage in post- *P < 0·01, **P < 0·005, ***P < 0·001. (409) 0·073 -0·023 *P < 0·05; **P < 0·005. 
distribution for 2 years, and the values were statistically significant when tested by Spearman's rank correlation. For melanic males no deviations were detected. Significant reduction in variance was indicated for males in total in 1992. Univariate fitness functions were presented for melanic and non-melanic males, and males in total (Fig. 1) . In general, spline analyses confirmed the results based on selection coefficients. Larger male advantages were indicated for non-melanic males, while no significant trends were suggested for melanic males. For total males in 1992, the selection surface was slightly concave, whereas no selection was indicated in 1993. Table 4 shows Manly's mating coefficient (β) with the standard error in parentheses. The values were 759 Colour associated mating success winter copulation was reported in the Kyoto population (Osawa & Nishida 1992) , but no reference has been made to colour polymorphism. In the present study, both body size and colour morph were concerned. When body size of mating and solitary individuals was compared, in the non-melanic males mating individuals were significantly larger than solitary individuals, while in melanic males there was no significant difference. The results suggest that both body size and colour morph affect male mating success and that males of different body size obtain mating advantage according to the colour morph. Colour polymorphism in this species is controlled by alleles on a single locus (Tan & Li 1934) . Thus, the present results indicate that the alleles on that locus significantly influence the effect of selection on the quantitative character.
In the experimental studies of coccinellid beetles, a higher rate of thermal absorption was indicated in melanic than in non-melanic phenotypes and also in larger body size individuals (Brakefield & Willmer 1985; Stewart & Dixon 1989) . Some studies indicated that the difference in thermal absorption between melanic and non-melanic A. bipunctata indeed resulted in higher activity in melanics (Benham et al. 1974; Muggleton et al. 1975) . These studies may support the idea that some thermal factor is involved in the present results and larger nonmelanic phenotypes have as large thermal absorption as melanic morph individuals, which results in the differential activity.
For the present species, mate choice for nonmelanic individuals was indicated in the Kyoto population, and the preference was supposed to cause the observed excess of mating frequency of nonmelanic male and non-melanic female combination (Osawa & Nishida 1992) . In the present study, mating frequency was close to random and was inconsistent with that observed in the Kyoto population. However, the presence of sexual preference would not necessarily exclude involvement of environmental factors. Even in the Kyoto population, no preference for non-melanics was detected in summer, and larger male advantage indicated in postwinter copulation was not observed in summer copulation (Osawa & Nishida 1992) . These variations may suggest that the mating pattern of the present species could be mediated by seasonal differences in environmental factors regardless of the presence of sexual preference, and factors responsible for a population may be less relevant to other populations.
Because this study did not follow individuals longitudinally, sequential change was undetectable. If mating frequency and larger body size advantage were varying within a mating season, the present results could only represent an average attribute. In A. bipunctata investigated in the Netherlands, melanic phenotypes were reported to start postwinter reproduction and emerge from pupa to adult in the offspring generation earlier than non-melanic individuals (Brakefield 1984b) . Sequential changes should be involved in the future studies on the mating system in this species.
